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ABSTRACT 

A rev iew o f  t h e  Grumman a n a l y s i s  of  t h e  thermal a s p e c t s  o f  
t h e  LEM RCS,  d e s c e n t  p r o p u l s i o n  and a s c e n t  p r o p u l s i o n  s y s t e m s  was 
a t t e n d e d .  The g e n e r a l  approach used  by Grumman i s  similar t o ,  
and based upon, o t h e r  w i d e l y  u sed  computer programs u s i n g  a s y s t e m  
of  lumped parameters f o r  a large number o f  nodes .  The p r e d i c t e d  
t e m p e r a t u r e s  were ex t reme.  T y p i c a l l y ,  one o r  more p r o p e l l a n t  
v a l v e s  are  g o i n g  t o  g e t  o v e r l y  h o t  because  o f  s o l a r  o r  soak-back 
heat  w i t h  t h e  consequent  danger o f  e v a p o r a t i n g  t h e  o x i d i z e r  i n  
t h e  v a l v e .  A t  t h e  o t h e r  extreme,  heat l o s s  t o  s p a c e  w i l l  r e s u l t  
i n  o v e r l y  c o l d  v a l v e s  w i t h  t h e  danger  o f  e i t h e r  f r e e z i n g  f u e l ,  
o r  o x i d i z e r  b e i n g  t o o  c o l d  t o  e v a p o r a t e  i n  t h e  combust ion chanber  
r a p i d l y  enough t o  s u p p o r t  smooth combustion. T y p i c a l l y ,  c o a t e d  
m y l a r  r a d i a t i o n  s h i e l d s  and a l t e r e d  heat  t r a n s f e r  p a t h s  are  
b e i n g  proposed as a means of l o w e r i n g  t h e  component t e m p e r a t u r e .  

A s  a matter of  p r a c t i c e ,  t h e  mass o f  t h e  LEM i s  used  
as a heat  s i n k  t o  c o o l  t h e  c r i t i c a l  i t e m s .  T h i s  i s  j u s t i f i e d  
on t n e  basis o f  t h e  large mass o f  p r o p e l l a n t s  and s t r u c t u r e  t h a t  
i s  a v a i l a b l e  t o  abso rb  heat  w i t h  a r e l a t i v e l y  minor t e m p e r a t u r e  
i n c r e a s e .  However, t h e  ECS l o a d  i s  t h e r e b y  i n c r e a s e d .  Heaters 
are  used t o  p r e v e n t  o v e r l y  c o l d  RCS v a l v e s .  

These problems which may d e t r a c t  from m i s s i o n  s u c c e s s  
as w e l l  as crew safe ty  have been i d e n t i f i e d  and a re  b e i n g  s t u d i e d .  
LEM thermal  tests w i t h i n  t h e  n e x t  s i x  months w i l l  be used  t o  
v e r i f y  assumpt ions  and f u r t h e r  i d e n t i f y  problem areas.  
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A meet ing  was held a t  MSC, Janua ry  5-6, 1 9 6 6 ,  t o  r ev iew 
t h e  the rma l  a s p e c t s  o f  t h e  RCS, Ascent  P r o p u l s i o n  and Descent  Pro- 
p u l s i o n  Systems' o f  t h e  LEM. 

R .  A .  Has l e t t  o f  Grumman f i r s t  d e s c r i b e d  the  o v e r a l l  
network approach  t o  t empera tu re  p r e d i c t i o n s  w i t h i n  t h e  LEM. 
S A E C ' s  main computer program i s  c a p a b l e  o f  computing a r a the r  
g e n e r a l  o v e r a l l  p r e d i c t i o n  o f  heat t r a n s f e r  and  t e m p e r a t u r e  
d i s t r i b u t i o n .  T h i s  program, t h e  Boeing Beta S ,  as used by  
Grumman, i s  c a p a b l e  of computing approx ima te ly  300 nodes.  The 
heat t r a n s f e r  i n  t h e  immediate neighborhood o f  t h e  RCS and prop- 
p u l s i o n  s y s t e m s  i s  s e p a r a t e l y  e v a l u a t e d  w i t h  u s e  o f  smaller  
programs which are  c a p a b l e  o f  computing heat t r a n s f e r  between 
50 or s o  nodes.  Such programs are  w r i t t e n  f o r  t h e  p a r t i c u l a r  
r e g i o n s  where t h e  p r e l i m i n a r y  t e m p e r a t u r e  p r e d i c t i o n s  from t h e  
g e n e r a l  program are e i t h e r  i n t o l e r a b l e  or m a r g i n a l .  The 35-hour 
l u n a r  s t a y  i s  c o n s i d e r e d  t o  r e s u l t  i n  an  e s s e n t i a l l y  s t e a d y - s t a t e  
t h e r m a l  a n a l y s i s  problem. Thus f a r ,  o n l y  t h e  s teady-s ta te  a n a l y s i s  
has been performed ove r  t h e  e n t i r e  LEM. P r e l i m i n a r y  r u n s  have 
been made on t h e  t r a n s i e n t  problem. The main e f f o r t  now i s  t o  
w r i t e  and check o u t  t h e  t r a n s i e n t  a n a l y s i s  program. 

GAEC RCS Thermal  Study 

The c r i t i c a l  items i n  t h e  RCS sys tem from t h e  t e m p e r a t u r e  
p o i n t  of view are  t h e  o x i d i z e r  ( N 2 0 4 )  v a l v e s  which must n e v e r  see 
a t e m p e r a t u r e  h i g h e r  t h a n  175OF. T h i s  t e m p e r a t u r e  would c a u s e  
vapor  t o  form a t  sys tem p r e s s u r e .  The soak-back c o n d i t i o n  i s  
most c r i t i c a l .  The heat s t o r e d  w i t h i n  t h e  mass o f  t h e  h o t  eng ine  
a t  shu t -o f f  i s  t r a n s m i t t e d  i n t o  t h e  v a l v e  which has ,  t h e n ,  no 
mass f low.  From p r e s e n t  s t u d i e s ,  it i s  b e l i e v e d  t h a t  t h e  tempera- 
t u r e  r e q u i r e m e n t s  f o r  t h e  o x i d i z e r  v a l v e  w i l l  e i t h e r  be v i o l a t e d  
o r  on ly  m a r g i n a l l y  f u l f i l l e d .  
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I n  t h e  c a l c u l a t i o n s ,  t h e  e q u i v a l e n t  o v e r a l l  e m i s s i v i t y  
( E )  of  t h e  LEM bay "seen" by t h e  v a l v e s  on t h e  a f t  c l u s t e r s  i s  
, ? z t i n a t e d  a t  approximate ly  0.6.  The TM-2 thermal-vacuum t e s t s  
w i i J  b~ ieec! t o  v e r i f y  t h i s  es t imate  o f  e m i s s i v i t y .  

I n  s o l a r  soak ,  t h e  a f t  RCS c l u s t e r s  are c r i t i c a l  
bec,ause t h e  heat t r a n s f e r  p a t h  i n t o  t h e  nearby  heat  s i n k ,  t h e  
L,EN c-quipment bay i s  longe r .  S i n c e  t h e r m a l  b a l a n c e  depends on 
b o t h  t h e  heat  absorbed  and t h e  heat  emi t ted  and t r a n s m i t t e d  t o  
t h e  coolei-  LEM, t h i s  longe r  heat t r a n s f e r  p a t h  r e s u l t s  i n  
r e l a t i v e l y  l e s s  the rma l  energy b e i n g  t r a n s m i t t e d  o u t  o f  t h e  RCS 
c l u s t e r  f o r  a g i v e n  t i m e  p e r i o d .  A s  a r e s u l t ,  a quas i -equiLibr ium 
c o n d i t i o n  i s  ach ieved  a t  a h i g h e r  t e m p e r a t u r e  i n  t h i s  a f t  c l u s t e r .  
I f  t h e  LED! i s  125°F or more and i f  E o f  t h e  equipment bay i s  0 .6 ,  
t h e n  t h e  o x i d i z e r  v a l v e  would p robab ly  exceed i t s  maximum pe r -  
m i s s i b l e  t e m p e r a t u r e  o f  175°F. 

I n  t h e  shade and d u r i n g  a n i g h t  l u n a r  s t a y ,  t h e  
o x i d i z e r  v a l v e  i s  t h e  most s e n s i t i v e  t o  a c o l d  soak .  Without a 
hea te r  and w i t h  t h e  LEM as t h e  thermal s i n k  a t  TOOF, i t  has been 
p r e d i c t e d  t h a t  t h e  c o l d e s t  v a l v e s  would drop t o  approx ima te ly  
19°F. T h i s  i s  i n t o l e r a b l e  as t h e  p r o p e l l a n t s  migh t  f r e e z e .  I n  
a d d i t i o n ,  t h i s  may b e  c r i t i c a l  for LEM a b o r t  because  o f  t h e  d e l a y  
i n  b r i n g i n g  t h e  eng ine  components up t o  35OF p r i o r  t o  f i r i n g .  
T h i s  35°F l i m i t  i s  based  on t e s t s  a t  Marquardt which showed t h a t  
e n g i n e  s t a r t  s p i k e s  r e s u l t  w i t h  very  c o l d  o x i d i z e r  v a l v e s .  The 
c a u s e  o f  such  combustion i n s t a b i l i t y  i s  b e l i e v e d  t o  be  t h e  d e l a y  
i n  e v a p o r a t i o n  o f  o v e r l y  c o l d  o x i d i z e r  and t h e  accumula t ion  o f  
l i q u i d  i n  t h e  eng ine  w i t h  r e t a r d e d  b u t  sudden combust ion.  Apprcxi- 
ma te ly  50 watts p e r  quad a r e  a v a i l a b l e  t o  t h e  RCS h e a t e r s ,  however, 
t o  add s u f f i c i e n t  heat t o  t h e  v a l v e s .  The cold-soak c a l c u l a t i o n s  
i n c l u d e d  t h e  c o n s e r v a t i v e  assumpt ions  o f  a l u n a r  n i g h t  l a n d i n g  
w i t h  a 50°F LEM c a b i n  t empera tu re  and minimum a v a i l a b l e  RCS 
h e a t e r  power ( i . e . ,  one h e a t e r  o u t ) .  

The assumpt ions  f o r  t h e  RCS soak-back p r e d i c t i o n s  which 
are  g e n e r a l l y  c o n s e r v a t i v e  i n c l u d e  a s u b - s o l a r  l a n d i n g ,  a n  8 0 " ~  
LEM c a b i n  t e m p e r a t u r e ,  and maximum equipment usage .  I n  a d d i t i o n ,  
a s t e a d y  60-second f i r i n g  was assumed p r i o r  t o  soak-back. The 
p o s s i b i l i t y  t h a t  a s e r i e s  o f  r e p e a t e d  RCS r u n s  o f  s h o r t e r  d u r a t i o n  
may be more c r i t i c a l  t h a n  t h e  assumed s t e a d y  s t a t e  60-second 
f i r i n g  i s  b e i n g  i n v e s t i g a t e d  by G A E C .  

3 o r  pu rposes  o f  computing heat t r a n s f e r  d u r i n g  soak- 
back  i t  was assumed t h a t  on ly  one RCS eng ine  was o p e r a t i n g  and 
t h a t  cne - fou r th  o f  t h e  t o t a l  RCS i n s t a l l a t i o n  mass was a s s i g n e d  
t o  t h e  h e s t  t r a n s f e r  p a t h  from t h a t  one e n g i n e ,  t h rough  t h e  
comporients and i n t o  t h e  LEM. T h i s  assumption s i m p l i f i e s  t h e  c a l -  
c u l a t l c n  w h i l e  p r e s e r v i n g  t h e  heat-f lux-to-mass r a t i o  which 
dominates  t r a n s i e n t  heat  t r a n s f e r .  
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The RCS warning l i g h t ,  which i s  s e t  t o  o p e r a t e  a t  
18OoF, s u f f e r s  t h e  same problem as t h e  CSM RCS u n i t s ;  t h a t  i s ,  
t h e  s e n s o r  i s  s u b j e c t  t o  premature  a c t i v a t i o n  o f  t h e  warning 
l i g h t  because  t h e  su r round ing  s t r u c t u r e  i n  t h e  v i c i n i t y  o f  t h e  
o x i d i z e r  v a l v e  i s  l i k e l y  t o  be h o t t e r  t h a n  t h e  o x i d i z e r  v a l v e .  

RCS Thermal T e s t i n g  a t  GAEC 

The thermal  t e s t i n g  o f  an  R C S  c l u s t e r  a l o n e  i s  
schedu led  t o  beg in  i n  May, 1 9 6 6 ,  a t  GAEC.  The LEM-1, as w e l l  
as LTA-8, u n f o r t u n a t e l y  i n c l u d e s  somewhat i n a d e q u a t e  i n s t r u m e n t a -  
t i o n  ( o n l y  2 2  thermocouples  f o r  a l l  f o u r  RCS c l u s t e r s ) .  E i g h t  
o f  t h e  thermocouples  are c o n c e n t r a t e d  on t h e  "Y" c o n n e c t i o n s  
ups t r eam o f ,  r a t h e r  t h a n  on, t h e  o x i d i z e r  v a l v e s .  Grumman i s  t o  
a t t e m p t  t o  r e l o c a t e  t hese  thermocouples  on t h e  o x i d i z e r  v a l v e s  
themse lves ,  or a t  l e a s t ,  c l o s e r .  

MSC r e q u e s t e d  t h a t  Grumman supp ly  t h e  f o l l o w i n g  i n -  
f o r m a t i o n  as soon as p o s s i b l e :  

1. A d e f i n i t i o n  and s p e c i f i c a t i o n  o f  thermocouples  i n  
t h e  RCS warning system. 

2 .  The r e l i a b i l i t y  and l o g i c  a n a l y s i s  used  f o r  t h e  RCS 
warning system. 

3. A da te  a t  which t i m e  t h e  c l u s t e r  a l o n e  t e s t  can 
b e  expec ted  t o  be completed.  

4 .  A da te  by which the  LEM-1 i n s t r u m e n t a t i o n  c o m p a t i b i l i t y  
w i t h  t h e  thermal a s p e c t s  o f  t h e  m i s s i o n  would b e  
p rov ided .  

Descent  Engine Thermal Problems 

The c r i t i c a l  phases  a re ,  for a n a l y s i s ,  t h e  t r a n s l u n a r  
c o a s t  (15-hour roll and 3-hour h o l d )  and ,  a l u n a r  o r b i t ,  ( a l l  
c r i t i c a l l y  h o t )  and w i t h  t h e  sun a l o n g  t h e  +x a x i s  p r i o r  t o  a 
n i g h t  l a n d i n g  ( c r i t i c a l l y  c o l d ) .  The d e s c e n t  e n g i n e ,  as i s  t h e  
a s c e n t  eng ine ,  i s  i n s u l a t e d  e x t e r n a l l y  o n l y .  M u l t i p l e - l a y e r  mylar  
i n s u l a t i o n  i s  p r o v i d e d  between t h e  d e s c e n t  n o z z l e  and a d j a c e n t  
s t r u c t u r e .  

The p r e s e n t  a n a l y s i s  does  n o t  i n c l u d e  t h e  heat , t r a n s f e r  
a l o n g  t h e  feed l i n e s .  

Grumman has  recommended a c o a t e d  mylar  p l u g  i n  t h e  
n o z z l e  t o  occ lude  r a d i a t i o n  between t h e  i n j e c t o r  and space .  T h i s  
p r o p o s a l  i s  be ing  reviewed by TRW a t  t h e  p r e s e n t  t ime. Without 
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such  a s h i e l d ,  it i s  p r e d i c t e d  t h a t  t h e  i n j e c t o r  would c o o l  t o  
approx ima te ly  18OF which i s  t h e  f r e e z i n g  t e m p e r a t u r e  o f  t h e  f u e l .  

The d e s i g n  t e m p e r a t u r e  r ange  f o r  t h e  p r o p e l l a n t  s u p p l y  
sys t em i s  between 45OF and 100OF. 

Engine f i r i n g  w i t h i n  18" o r  l e s s  o f  t h e  l u n a r  s u r f a c e  
i s  expec ted  t o  i n c r e a s e  t h e  soak-back i n t o  t h e  s u r r o u n d i n g  
s t r u c t u r e  and c o u l d  c r e a t e  a p r e s s u r e  t o  t h e  lower  s t r u c t u r e  and 
base heat s h i e l d  approximat ing  3 p s i .  The combina t ion  o f  i n -  
c r e a s e d  p r e s s u r e  and t e m p e r a t u r e  i s  a t h r e a t  t o  t h e  a d j a c e n t  
s t r u c t u r e ,  a c c o r d i n g  t o  GAEC.  ( A  r e c e n t  Bellcomm s t u d y *  does  
n o t  conf i rm t h i s  c o n c l u s i o n . )  The p r e s e n t  a n a l y s i s  by Grumman 
assumes t h a t  t h e  bot tom of  t h e  LEM base heat  s h i e l d  would be a t  
l ea s t  6 i n c h e s  from t h e  l u n a r  s u r f a c e .  

The u n c o n t r o l l e d  v e n t i n g  of o v e r h e a t e d  p r o p e l l a n t s  
i s  a problem because  o f  t h e  p o s s i b l e  exposure  o f  t h e  crew o p e r a t i n g  
o u t s i d e  t h e  LEM t o  such  vented  p r o p e l l a n t s .  T h i s  problem i s  unde r  
s t u d y .  

The d e s i g n  t empera tu re  o f  t h e  t i t a n i u m  t a n k  i s  now 
approx ima te ly  100OF. The d e s i g n  t e m p e r a t u r e  o f  t h e  g i m b a l  r i n g ,  
which may become c r i t i c a l ,  i s  approx ima te ly  300OF. 

The wors t  c a s e  f o r  t h e  s i n g l e  s u p e r c r i t i c a l  he l ium 
t a n k  which i s  now most c r i t i c a l ,  i s  i n  t h e  barbecue  mode. The 
heat leak i n t o  t h i s  he l ium t a n k  i s  p r e d i c t e d  t o  be  approx ima te ly  
7 .5  BTU's p e r  hour .  The aliminum b r a c k e t  s u p p o r t i n g  the  he l ium 
t a n k  has been r e p l a c e d  by t i t a n i u m  b r a c k e t  and i t  i s  e x p e c t e d  
tha t  t h i s  w i l l  g r e a t l y  reduce  t h e  heat s h o r t .  

Ascent  Engine Thermal Problems 

The o x i d i z e r  v a l v e  has a maximum p e r m i s s i b l e  tempera- 
t u r e  o f  approx ima te ly  2209F f o r  t h e  pu rposes  of o b t a i n i n g  a 
minimum c l o s i n g  t i m e .  It was de termined  t h a t ,  as t h e  o x i d i z e r  
v a l v e  t empera tu re  i n c r e a s e s ,  t h e  performance of t h e  o x i d i z e r  v a l v e  
s o l e n o i d  d e t e r i o r a t e s  such  t h a t  t h e  c l o s i n g  t i m e  i s  i n t o l e r a b l y  
ex tended .  T h i s  i s  s e r i o u s  because  i t  p r e v e n t s  t h e  p u l s e  f i r i n g  
o f  t h e  eng ine  w i t h i n  t h e  r e q u i r e d  d e s i g n  l i m i t s .  

The eng ine  o u t e r  c a s e  t e m p e r a t u r e  l i m i t  i s  500°F t o  
i n s u r e  engine  res tar t .  The e n g i n e  cove r  i n s i d e  t h e  c a b i n ,  shou ld  

"Memorandum f o r  F i l e ,  "LEM Descgnt Engine Plume Impingement 
Study w i t h  J e t t i s o n a b l e  Nozzle S k i r t , "  December 30, 1965, R .  Sehgal.  
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b e  no h i g h e r  t h a n  200' f o r  crew p r o t e c t i o n .  It i s  p l anned  t o  
r e j e c t  heat  t h r o u g h  t h e  eng ine  cove r  and i n t o  t h e  c a b i n  w i t h  
t h e  unde r s tood  ECS p e n a l t y .  

It i s  p r e d i c t e d  that a c a b i n  t e m p e r a t u r e  may reach 
approx ima te ly  120' f o r  a d e p r e s s u r i z e d  c a b i n  unde r  s u b - s o l a r  
c o n d i t i o n s .  MSC r e p r e s e n t a t i v e  e x p r e s s e d  concern  abou t  t h e  
l o s s  o f  p r o p e r  r a d i a t i o n  c h a r a c t e r i s t i c s  d u r i n g  f i r e  " i n  t h e  
h o l e "  which may cause  damaged p a i n t .  

B e l l  i s  concerned about  o v e r h e a t i n g  t h e  a s c e n t  i n j e c t o r .  
The maximum t e m p e r a t u r e  o f  130'F i s  t h e  d e s i g n  c r i t e r i a  f o r  a l l  
t h e  a s c e n t  p r o p u l s i o n  plumbing behind  t h e  i n s u l a t i o n .  The 
o x i d i z e r  t e m p e r a t u r e  l i m i t  o f  120°F  i s  de te rmined  by t h e  dange r  
of  b o i l - o f f  which would r e s u l t  i n  f u e l  l ead  and a hard s t a r t .  
G A E C  has p r e d i c t e d  approximate ly  300' i n  t h e  v a l v e  a t  t h e  i n j e c t o r  
and i n  o x i d i z e r  l i n e s .  T h i s  i s  d e f i n i t e l y  e x c e s s i v e  f o r  t h e  
v a l v e  (220'F maximum) and  the o x i d i z e r  l i n e d  (190'F maximum). 
G A E C  has proposed  t h a t  a s h i e l d  b e  p l a c e d  around t h e  o x i d i z e r  
v a l v e  t o  a v o i d  t h e  p r e s e n t l y  p r e d i c t e d  e x c e s s i v e  t e m p e r a t u r e .  

J Q .  @r%& 
T.  A. Bot tomley,  Jr .  
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